This study revealed that in awake chronic spinal cord-injured (SCI) cats reflexes from perigenital skin area to the bladder can be either inhibitory or excitatory. Electrical perigenital stimulation at frequencies between 5 and 7 Hz significantly inhibited large-amplitude rhythmic reflex bladder activity, whereas frequencies between 20 and 40 Hz induced large-amplitude bladder contractions even at low bladder volumes when reflex bladder activity was absent. Both inhibitory and excitatory effects were enhanced as the stimulation intensity increased (5-30 V, 0.2-ms pulse width). During cystometrograms, the inhibitory stimulation (7 Hz) significantly increased the micturition volume threshold 35 Ϯ 13% above the control volume, while the excitatory stimulation (30 Hz) significantly reduced the threshold 21 Ϯ 3%. Mechanical perigenital stimulation applied by repeated light stroking of the perigenital skin with a cotton swab only induced an excitatory effect on the bladder. Both electrical and mechanical perigenital stimuli induced large-amplitude (Ͼ30 cmH 2O) bladder contractions that were relatively consistent over a range of bladder volumes (10 -90% of the capacity). However, the excitatory electrical stimulation only induced bladder contractions lasting on average 42.2 Ϯ 3.9 s, but the mechanical stimulation induced bladder contractions that lasted as long as the stimulation continued (2-3 min). Excitatory electrical or mechanical perigenital stimulation also induced poststimulus voiding. The ability to either inhibit or excite the bladder by noninvasive methods could significantly transform the current clinical management of bladder function after SCI. urinary bladder; electrical stimulation; spinal cord injury AFTER SPINAL CORD INJURY (SCI) incontinence occurs frequently due to detrusor overactivity. Meanwhile, the bladder also does not empty well due to detrusor sphincter dyssynergia resulting in a large residual volume of urine. Thus, the management of bladder function after SCI is a challenging task, because it requires inhibition of detrusor overactivity during urine storage and induction of a large-amplitude bladder contraction to empty the bladder (3). Current treatment for bladder dysfunction after SCI has either limited success (49) or requires major invasive spinal surgery to implant stimulating electrodes on spinal roots (6). Intermittent urethral catheterization is the most common method for managing urinary tract dysfunction (10). However, it can lead to frequent bladder infections (25).
This study revealed that in awake chronic spinal cord-injured (SCI) cats reflexes from perigenital skin area to the bladder can be either inhibitory or excitatory. Electrical perigenital stimulation at frequencies between 5 and 7 Hz significantly inhibited large-amplitude rhythmic reflex bladder activity, whereas frequencies between 20 and 40 Hz induced large-amplitude bladder contractions even at low bladder volumes when reflex bladder activity was absent. Both inhibitory and excitatory effects were enhanced as the stimulation intensity increased (5-30 V, 0.2-ms pulse width). During cystometrograms, the inhibitory stimulation (7 Hz) significantly increased the micturition volume threshold 35 Ϯ 13% above the control volume, while the excitatory stimulation (30 Hz) significantly reduced the threshold 21 Ϯ 3%. Mechanical perigenital stimulation applied by repeated light stroking of the perigenital skin with a cotton swab only induced an excitatory effect on the bladder. Both electrical and mechanical perigenital stimuli induced large-amplitude (Ͼ30 cmH 2O) bladder contractions that were relatively consistent over a range of bladder volumes (10 -90% of the capacity). However, the excitatory electrical stimulation only induced bladder contractions lasting on average 42.2 Ϯ 3.9 s, but the mechanical stimulation induced bladder contractions that lasted as long as the stimulation continued (2-3 min). Excitatory electrical or mechanical perigenital stimulation also induced poststimulus voiding. The ability to either inhibit or excite the bladder by noninvasive methods could significantly transform the current clinical management of bladder function after SCI. urinary bladder; electrical stimulation; spinal cord injury AFTER SPINAL CORD INJURY (SCI) incontinence occurs frequently due to detrusor overactivity. Meanwhile, the bladder also does not empty well due to detrusor sphincter dyssynergia resulting in a large residual volume of urine. Thus, the management of bladder function after SCI is a challenging task, because it requires inhibition of detrusor overactivity during urine storage and induction of a large-amplitude bladder contraction to empty the bladder (3). Current treatment for bladder dysfunction after SCI has either limited success (49) or requires major invasive spinal surgery to implant stimulating electrodes on spinal roots (6) . Intermittent urethral catheterization is the most common method for managing urinary tract dysfunction (10) . However, it can lead to frequent bladder infections (25) .
In this study in chronic paraplegic cats, we evaluated an alternative method to regulate bladder function involving electrical stimulation of somatic afferent nerves innervating the perigenital region. Perigenital-to-bladder reflexes undergo marked changes during postnatal development and after SCI. In neonatal kittens before the spinobulbospinal micturition reflex is fully developed, the bladder is emptied by the mother cat periodically licking the skin in the perigenital area of the kitten to induce a bladder contraction and voiding (15, 17) . This excitatory perigenital-to-bladder reflex is gradually suppressed during development and becomes inhibitory in adult cats as the pontine micturition center takes control of the micturition reflex (2, 12) . However, after chronic SCI in adult cats an excitatory perigenital-to-bladder spinal reflex reemerges (16, 40) . Whether this reemerged excitatory reflex can trigger a micturition reflex that can completely empty the bladder as in the neonates is unknown. Thus, a further investigation in adult chronic SCI cats to understand the properties of the reemerged excitatory perigenital-to-bladder spinal reflex after SCI is warranted.
The perigenital skin area is innervated by the pudendal nerve (31) . Electrical stimulation of the pudendal nerve at low frequencies (1-10 Hz) (41, 47) can inhibit the bladder in adult chronic SCI cats, but at high frequencies (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) can excite the bladder (41) . However, the pudendal nerve innervates many areas in the pelvic region including the urethra, anal canal, anal and urethral sphincters, and skin (31) . Whether electrical stimulation applied to the perigential skin area can mimic the effect of pudendal nerve stimulation and induce both inhibitory and excitatory effects on the bladder in the chronic SCI cats is uncertain, since the mechanical perigenital stimulation is primarily excitatory after SCI (16, 40) .
In humans after chronic SCI, bladder inhibition can also be elicited by electrical stimulation of the dorsal penile/clitoral nerve (a branch of pudendal nerve) using skin electrodes (1, 24, 28, 36, 37, 45, 48) , indicating an inhibitory perigenital-tobladder spinal reflex might also exist in adult chronic SCI cats. An effective, noninvasive method that is able to either inhibit or induce bladder activity would improve the current clinical management of bladder function after SCI. The possibility of using electrical stimulation of the perigential skin area to activate the inhibitory perigenital-to-bladder reflex at one frequency but to activate the reemerged excitatory perigenital-tobladder reflex at another frequency was investigated in this study in adult chronic SCI cats.
To eliminate possible effects of anesthesia on the perigenital-to-bladder reflexes that may influence voiding efficiency, experiments were performed under awake conditions so that the results would be directly comparable to the voiding in neonates. This condition would also produce results more relevant to the clinical situation.
METHODS
All protocols involving the use of animals in this study were approved by the Animal Care and Use Committee at the University of Pittsburgh.
Spinal cord transection and animal care. Four female adult cats (2.8 -3.4 kg) were spinalized under isoflurane anesthesia (2-3% in O 2) using aseptic surgical techniques. After a dorsal laminectomy was performed at T9-T10 vertebral level, a local anesthetic (lidocaine 1%) was applied to the surface of the spinal cord and then injected into the cord through the dura. The spinal cord was then cut completely and a piece of gel foam was placed between the cut ends (usually a separation of 2-3 mm). The muscle and skin were sutured and after full recovery from anesthesia, the animal was returned to its cage. Following spinal transection, the bladder was emptied daily by manual expression. If manual expression was not successful, a sterile catheter (3.5 F) was inserted through the urethra to empty the bladder. Ketaprofen (2 mg/kg sc, twice a day for 3 days) and antibiotics (Clavamox, 15-20 mg/kg sc for 7 days) were given following surgery. Experiments were conducted beginning at least 4 -5 wk following spinal cord transection. The cats were used for multiple experiments at a maximal frequency of twice per week. After each experiment, the animal was given 150 mg/kg of ampicillin subcutaneously. Bladder infection rarely occurred.
Experimental setup. A sterile double lumen balloon catheter (7 F) was inserted through the urethra into the bladder of the chronic SCI cats without anesthesia. The balloon was distended by 2 ml of air and then positioned at the bladder neck by gently pulling the catheter back. The balloon prevented leakage of the fluid from the bladder. One lumen of the catheter was connected to a pump to infuse the bladder with sterile saline at a rate of 2 ml/min, and the other lumen was connected to a pressure transducer to measure the pressure change in the bladder. As shown in Fig. 1 , a pair of sterilized hook electrodes (made from 23-gauge needles) was attached to the skin (ϳ1-mm penetration into the skin with 2-4 mm contact) on the left and right sides of the vagina ϳ1-1.5 cm from the vaginal opening. A piece of medical tape was applied between the electrode tip and the exposed length of the electrode to fix the electrode in place. The electrodes were soldered to a pair of wires that were connected to a stimulator to deliver electrical stimulation. Due to the complete spinal transection, the animals did not sense either bladder catheterization or electrical stimulation. During the experiment (usually 4 -5 h), the animals rested comfortably in a padded animal transport carrier. Since the animal was free to move in the carrier, bladder pressure recordings that were disrupted by the animal's movements were discarded. At the end of the experiment, the catheter was withdrawn and the electrodes were detached.
Some experiments were conducted to evaluate voiding induced by electrical or mechanical perigenital stimulation. In these experiments, the bladder was not catheterized. The voided volume was collected using a funnel. The animal was lying quietly on a table during the voiding tests.
Stimulation protocol. Uniphasic pulses (0.2-ms pulse width) of different intensities (1-30 V) and frequencies (0.5-50 Hz) were delivered to the perigenital skin area via the attached electrodes using a stimulator (Grass Medical Instruments, S88) with a stimulus isolator (Grass Medical Instruments, SIU5).
In the first group of experiments, the bladder was infused with sterile saline to one of two different volumes: 1) a volume slightly above the micturition threshold to induce large-amplitude (Ͼ30 cmH 2O), rhythmic reflex bladder contractions (see Figs. 2A and 3A) or 2) a volume slightly below the micturition threshold so that large-amplitude, reflex bladder contractions did not occur (see Fig. 4A ). During the large-amplitude rhythmic bladder contractions, electrical perigenital stimulation was applied to determine the effective stimulation parameters to inhibit the bladder. The stimulation duration was longer than the period of at least two bladder contractions to clearly demonstrate an inhibitory effect. The effective stimulation parameters to induce bladder contractions were determined when bladder volume was below micturition threshold. A stimulation duration of 20 -50 s was used which was longer than the period of the induced bladder contractions. Different stimulation parameters were tested in a random order but are shown in ascending intensity and/or frequency for clarity.
In the second group of experiments, the most effective stimulation frequencies identified during isovolumetric recordings (7 Hz for inhibition, but 30 Hz for excitation) were tested during a cystometrogram (CMG; see Fig. 5A ) which consisted of a slow infusion of saline (2 ml/min) starting with an empty bladder to determine functional bladder capacity and examine bladder reflex activity during filling. Two or three control CMGs were performed without stimulation to obtain the control values and evaluate the reproducibility. Then, either inhibitory or excitatory perigenital stimulation was applied during the CMG to evaluate the inhibitory or excitatory effects by measuring the change in bladder capacity. Stimulation and infusion were stopped after occurrence of the first micturition reflex contraction, which was defined as the first large-amplitude (Ͼ30 cmH 2O), long-duration (Ͼ20 s) reflex bladder contraction accompanied by hindlimb stepping movements. Previous studies (40, 43) showed that hindlimb stepping movement was a useful marker for the occurrence of a micturition reflex in awake chronic SCI cats. Bladder capacity is defined as the volume threshold for inducing a micturition reflex during a CMG. A control CMG was performed at the end of the test to confirm the recovery of the micturition reflex. The bladder was emptied after each CMG and a 5-to 10-min rest period was inserted between CMGs to allow the bladder reflexes to recover.
In the third group of experiments, the ability of the excitatory electrical perigenital stimulation (30 Hz) to induce bladder contractions at different bladder volumes was evaluated. Short periods (20-50 s) of stimulation were applied during the CMGs at intervals representing 4-to 8-ml increments in the infused volume. Similar tests were also performed using mechanical perigenital stimulation that is known to be excitatory in chronic SCI cats (40) . The mechanical perigenital stimulation was performed by repeated light stroking (2-3 times/s for 20 -50 s, stroke length 2-3 cm) of the perigenital skin area using a cotton swab. The bladder contractions induced by electrical or mechanical perigenital stimulation were compared.
Excitatory electrical (30 Hz) and mechanical perigenital stimuli were also used to induce voiding in the awake chronic SCI cats. Voiding induced by electrical perigenital stimulation was tested in three cats (2 times in each cat). The bladder was first infused to its capacity using a urethral catheter. Then, the catheter was withdrawn and several minutes were allowed for any spontaneous voiding to occur. If no spontaneous voiding occurred or after it was finished, a short-duration (10 -20 s) electrical perigenital stimulation was repeatedly applied to induce voiding. Stimulation was continued until voiding stopped. Then, the bladder was emptied by manual expression to measure residual volume. If manual expression failed, a sterile urethral catheter (3.5 F) was used to empty the bladder. Voiding tests Data analysis. For the analysis of rhythmic bladder activity, the area under the bladder pressure curve, the intercontraction interval (ICI), and the average bladder contraction amplitude were measured during the electrical stimulation and were normalized to the measurements during the same time period before the stimulation. The contraction frequency is represented as 1/ICI because ICI was an infinite value when complete bladder inhibition occurred. For the bladder contractions induced by electrical stimulation at a bladder volume below the capacity, the areas under the induced bladder pressure curves were measured and normalized to the maximal measurement during each experimental trial. Small-amplitude (5-30 cmH 2O), short-duration (Ͻ20 s) premicturition contractions (PMCs) also occurred during CMGs before the large-amplitude micturition contraction in chronic SCI cats (40) . The bladder capacity, the volume threshold to induce the first PMC, the average PMC amplitude, and the number of PMCs per minute were measured and normalized to the measurements during the first control CMG. The variability of control CMGs was evaluated by comparing the measurements from the repeated control CMGs to the first control CMG. The amplitudes of bladder contractions induced by electrical or mechanical perigenital stimulation during a CMG were compared at different bladder volumes that were normalized to the bladder capacity in each experiment, and then grouped into bins representing 10% increments in bladder volume. For the voiding tests, the voiding efficiency was calculated as the voided volume divided by the total volume (voided volume ϩ residual volume). Repeated measurements in the same animal during different experiments were averaged. The normalized data from different animals are presented as means Ϯ SE. One-sample Student's t-test and paired Student's t-test were used to detect statistical significance (P Ͻ 0.05) except in two instances as indicated in the text where unpaired Student's t-test was used. Linear regression analysis (95% confidence interval) and ANOVA analysis were used to determine whether the amplitude of bladder contractions induced by perigenital stimulation increased as the bladder volume increased.
RESULTS
Reflex bladder activity in awake chronic SCI cats. In awake chronic SCI cats, infusion of saline into the bladder at a rate of 2 ml/min when the bladder neck was blocked with a balloon catheter produced an immediate small increase in baseline bladder pressure (3-8 cmH 2 O) and later three types of reflex bladder activity: 1) low-amplitude (5-30 cmH 2 O), transient (10-to 20-s duration) increases in bladder pressure (termed PMCs; see Fig. 5A ) that occurred in the absence of hindlimb movements, 2) large-amplitude (30 -100 cmH 2 O, 20-to 100-s duration) increases in bladder pressure (micturition contractions; see Fig. 5A ) that were accompanied by rhythmic alternating movements of the hindlimbs resembling stepping movements (40, 43) , and 3) large-amplitude rhythmic isovolumetric contractions (1-3/min, 30 -100 cmH 2 O in amplitude, 20-to 100-s duration; see Figs. 2A and 3A) that persisted after the bladder infusion was stopped at the end of a CMG when the bladder volume was above the micturition threshold (20 -120 ml) and the first micturition contraction was induced (see Figs. 5A and 6A). The rhythmic hindlimb movements were also elicited by manual compression of the bladder when attempting to express urine during daily nursing care or during voiding induced by tactile stimulation of the perigenital region. The association of somatic reflexes with voiding has also been reported in previous studies (40, 43) and is a useful marker for the occurrence of a micturition reflex. Because some experiments were performed with the urethral outlet closed which prevents elimination of the bladder contents, the simultaneous occurrence of a large-amplitude bladder contraction and hindlimb movements was used as an indicator of the first micturition reflex during the CMG (see Figs. 5A and 6A). The cystometric parameters were relatively constant in the same animal over the course of many experiments during a several week period.
Inhibitory perigenital-to-bladder spinal reflex. The inhibitory effect of electrical perigenital stimulation on large-amplitude, rhythmic reflex bladder activity in awake chronic SCI cats was dependent on stimulation frequency (0.5-50 Hz; Fig.  2A ). At stimulation frequencies of 5 and 7 Hz, the electrical perigenital stimulation significantly (P Ͻ 0.05) reduced the area under the bladder contraction curves (70 -80%; Fig. 2B ) and decreased the frequency (1/ICI) of the rhythmic bladder contractions (70 -80%; Fig. 2C ), but not the average contraction amplitude (P Ͼ 0.05; Fig. 2D ) compared with the bladder activity before the stimulation.
The inhibition of large-amplitude, rhythmic reflex bladder activity at a stimulation frequency of 7 Hz was also dependent on stimulation intensity (Fig. 3A) . At an intensity above 4 V, the stimulation significantly (P Ͻ 0.05) reduced the area under the bladder contraction curves (70%; Fig. 3B ). It also significantly (P Ͻ 0.05) decreased the frequency of the rhythmic bladder contractions at an intensity above 9 V (60%; Fig. 3C ), but the average contraction amplitude was not decreased significantly at any stimulation intensity (P Ͼ 0.05; Fig. 3D) .
Excitatory perigential-to-bladder spinal reflex. Although a bladder excitatory effect induced by electrical perigenital stimulation could not be observed during the large rhythmic bladder contractions (Figs. 2-3) , it became obvious when bladder volume was below micturition threshold and the large rhythmic bladder contractions were absent (Fig. 4, A and B) . The excitatory perigenital-to-bladder reflex also depended on the electrical stimulation frequency and intensity. Large-amplitude (Ͼ30 cmH 2 O), long-duration (Ͼ20 s) bladder contractions were induced by stimulation at frequencies between 20 and 40 Hz (Fig. 4A) . This excitatory effect was diminished as the stimulation intensity decreased (Fig. 4B) . Electrical stimulation at 30 Hz produced bladder contractions significantly (P Ͻ 0.05) larger than those produced at frequencies of 10 or 50 Hz (Fig. 4C) . The threshold intensity was ϳ5 V, but at least 11 V was required for a 30-Hz stimulation to induce a maximal bladder contraction (Fig. 4D) .
Micturition volume threshold modulated by perigenital stimulation. The threshold bladder volume (i.e., bladder capacity) to induce a micturition reflex contraction was significantly (P Ͻ 0.05) increased 35 Ϯ 13% above control capacity by electrical perigenital stimulation at the optimal frequency (7 Hz) for inhibiting rhythmic contractions (Fig. 5, A and B) . Stimulation at this frequency also significantly (P Ͻ 0.05) increased (187 Ϯ 42% above control value) the bladder volume necessary to induce the first PMC (Fig. 5, A and C) . However, the average amplitude and the frequency of PMCs (Fig. 5, D and E) and the amplitude of the first micturition contraction (see Fig. 5A ) were not significantly (P Ͼ 0.05) changed by the stimulation. Conversely, electrical perigenital stimulation at the optimal frequency (30 Hz) for inducing bladder excitation significantly (P Ͻ 0.05) reduced bladder capacity 21 Ϯ 3% below the control capacity (Fig. 6, A and B) .
Influence of bladder volume on the excitatory perigenitalto-bladder spinal reflex. The reflex bladder contractions evoked by electrical or mechanical stimulation of the perigenital region were elicited at different times during bladder filling to evaluate the influence of bladder volume on the reflex response. As shown in Fig. 7A when short periods (20 s) of electrical perigenital stimulation (15 V, 30 Hz) were repeatedly applied after 4-ml increments in bladder volume during a CMG, the stimulation induced large-amplitude (Ͼ30 cmH 2 O) relatively consistent bladder contractions over a range of bladder volumes. Similarly, mechanical perigenital stimulation (repeatedly stroking the perigenital skin with a cotton swab at a rate of 2-3 times/s) could also induce large bladder contractions of relatively consistent amplitude at increasing bladder volumes (Fig. 7B) . The average amplitude of the bladder contractions induced by either electrical (30 Hz) or mechanical stimulation (Fig. 7, C and D) was not significantly influenced by the bladder volume (P Ͼ 0.05, ANOVA analysis and linear regression analysis, n ϭ 3).
Voiding induced by perigenital stimulation. In awake chronic SCI cats, continuous electrical (30 Hz) or mechanical perigenital stimulation released fluid from the bladder. However, the voiding was inefficient probably due to detrusor sphincter dyssynergia, and usually only a small amount of bladder volume was released at the end of stimulation (i.e., a poststimulus voiding). Therefore, short periods (10 -20 s) of electrical or mechanical perigential stimulation were repeatedly applied (3-to 6-s interval). This released small amounts of fluid (1-10 ml) at the end of every period of stimulation. Usually 5-10 periods of stimulation over 1-5 min were sufficient to elicit the maximal bladder emptying.
Voiding induced by mechanical perigenital stimulation was tested using the overnight residual volume as the initial bladder volume. Total voided volume and the residual volume were measured in three cats over a 2-mo period (Fig. 8A) together with the average amplitude of micturition contractions induced by bladder distension or by mechanical perigenital stimulation (Fig. 8B) . The daily residual bladder volumes detected by manual expression or by emptying using a urethral catheter were relatively large ranging from 20 to 80 ml (see Fig. 8A ). Meanwhile, frequent incontinent episodes resulting in the release of small amount of urine were also observed in these animals. Similar spontaneous bladder activity was also reported in a recent study (35) . Voiding efficiencies induced by mechanical perigenital stimulation in these cats were very different (cat 1: 6.7 Ϯ 3.2%, cat 2: 43.2 Ϯ 7.7%, cat 3: 95.0 Ϯ 3.3%) with an average voiding efficiency of 48.3 Ϯ 25.6% in the three animals (30 -32 tests per cat). This may be due to the fact that mechanical perigenital stimulation generated the smallest bladder pressure (38.8 Ϯ 2.5 cmH 2 O) in cat 1, whereas it induced the largest bladder pressure (88.1 Ϯ 8.8 cmH 2 O) in cat 3 (Fig. 8B) . In cat 1 the bladder pressure induced by mechanical perigenital stimulation was significantly (P Ͻ 0.05, unpaired t-test) smaller than the bladder pressure (64.7 Ϯ 4.8 cmH 2 O) during the distention-induced micturition reflex (see Fig. 8B ). It is also noteworthy that the efficiency of mechanical perigenital stimulation to induce voiding changed in the same animal over time (Fig. 8A) .
Voiding induced by electrical stimulation was performed by first infusing the bladder to the capacity. After the urethral catheter was withdrawn, spontaneous voiding only occurred in one cat (cat 2) with a voiding efficiency ranging from 60 to 70% (2 tests). No spontaneous voiding was observed in the other two cats (cats 1 and 3) . Repeated, short-duration electrical perigenital stimulation (30 Hz, 30 V, 0.2 ms) was then tested to empty the bladder. The initial bladder volumes ranged from 21 to 116 ml. Voiding efficiency ranged from 30 to 100% with an average of 83.3 Ϯ 10.1% (n ϭ 3), which was not correlated with the initial volume or the voiding efficiency induced by mechanical perigenital stimulation in each cat. There was no significant difference (P Ͻ 0.05) between the voiding efficiencies induced by mechanical or electrical perigenital stimulation.
Comparison between electrical and mechanical perigential stimulation. Under isovolumetric conditions with bladder volume below the micturition threshold, electrical stimulation (30 Hz, 20 -30 V) induced significantly larger bladder contractions (P Ͻ 0.05, unpaired t-test) compared with those induced by mechanical stimulation in cats 1 and 3, but not in cat 2 (Fig. 9) . Electrical stimulation produced poststimulus voiding in all cats tested and generated isovolumetric bladder contraction pressures greater than 50 cmH 2 O (Fig. 9) . But the mechanical stimulation generated isovolumetric bladder contraction pressures less than 50 cmH 2 O in cat 1 (Fig. 9) and often failed to induce poststimulus voiding in this cat (Fig. 8A) .
At the bladder volumes below micturition threshold, the 30-Hz electrical stimulation induced isovolumetric bladder contractions that lasted 42.2 Ϯ 3.9 s on average (Fig. 10A) , but the mechanical stimulation could induce isovolumetric bladder contractions that were maintained for as long as the stimulation was continued (Fig. 10B) . The maximal mechanical stimulation duration tested was ϳ3 min. At the bladder volumes above micturition threshold when large rhythmic bladder contractions were occurring, electrical stimulation at 7 Hz inhibited bladder (Fig. 10C) , but mechanical stimulation slightly facilitated the bladder contractions evidenced by a longer contraction duration compared with the bladder activity before the stimulation (Fig. 10D) . However, this facilitation was not observed during the 30-Hz electrical stimulation (see Fig. 2A ). Neither mechanical nor 30-Hz electrical stimuli significantly increased the amplitudes of the rhythmic bladder contractions (see Figs. 10D  and 2A) .
DISCUSSION
This study revealed that in awake chronic SCI cats electrical stimulation of afferent nerves in the perigenital area could elicit either an inhibitory or an excitatory effect on the bladder depending on the frequency of stimulation. The inhibitory effect was maximal at a stimulation frequency of 5-7 Hz (Figs. 2 and 5), whereas the excitatory effect was maximal at 30 Hz (Figs. 4 and 6 ). Both the excitatory electrical perigenital stimulation (30 Hz) and the mechanical perigenital stimulation induced large bladder contractions that were not dependent on bladder volume (Fig. 7) . Poststimulus voiding was also induced by the two types of excitatory perigenital stimuli (Fig.  8) . However, the properties of the perigenital-to-bladder reflex induced by electrical or mechanical stimulation were significantly different (see Figs. 9 -10) indicating that either different afferent pathways were activated or that the same afferent pathways were activated by these two stimuli in very different ways.
Comparison of the effects of mechanical and electrical perigenital stimulation on isovolumetric bladder activity. Mechanical stimulation only induced an excitatory effect on bladder, but electrical stimulation could induce either an excitatory or an inhibitory effect (see Fig. 10 ). The excitatory effect induced by mechanical stimulation lasted as long as the stimulation continued, but the electrical stimulation only induced short-duration bladder contractions (Fig. 10, A and B) . These differences may be caused by the fact that afferent nerves are activated asynchronously by mechanical stimulation, but they are activated synchronously by each electrical pulse. The frequency of afferent firing can be selected by electrical stimulation, but mechanical stimulation may activate afferent nerves with a large range of firing frequencies. Electrical stimulation could activate both mechano-and nonmechanosensitive afferent nerves from both skin and muscles, whereas mechanical stimulation mainly activates the mechano-sensitive afferent nerves from the skin.
Similar to the mechanical stimulation, the excitatory electrical stimulation also induced large-amplitude bladder contractions at both low and high bladder volumes (see Fig. 7 ), indicating that the excitatory perigenital-to-bladder reflexes are independent of afferent input from the bladder. Electrical stimulation at 30 Hz probably activated the reemerged, exci- tatory perigenital-to-bladder spinal reflex in chronic SCI cats, indicating that the average firing frequency of the afferent nerves activated by mechanical stimulation might be 30 Hz. A previous study (27) showed that light constant pressure on the clitoris of cat produced sustained afferent firing of pudendal nerve pathway with a maximal frequency of 40 Hz. In addition to directly activating the excitatory perigenital-to-bladder spinal reflex (Figs. 4 and 7A) , the electrical stimulation could also facilitate the micturition reflex induced by bladder distension and reduce the micturition volume threshold during CMGs (Fig. 6) . The direct excitatory effect on the bladder lasted less than a minute (see Fig. 10A ), but the facilitatory effect during CMGs could persist for many minutes (see Fig. 6 ). Thus, it is possible that the 30-Hz electrical stimulation induces both excitatory and inhibitory effects. The excitatory effect may be dominant initially but then suppressed by an inhibitory effect that turns off the perigenital-to-bladder reflex. However, the facilitatory effect on the micturition reflex pathway induced by bladder distention seems to be insensitive to the later inhibition. This suggests that different spinal interneuronal pathways or mechanisms may be involved in the direct excitatory perigenital-to-bladder reflex and the facilitatory effect on the bladder-to-bladder reflex.
Possible mechanisms of frequency-dependent effects induced by electrical stimulation. At the same stimulation intensity, the electrical perigenital stimulation is inhibitory to the bladder at 5-7 Hz (Fig. 2) , but it becomes excitatory at 20 -40 Hz (Fig. 4) . This raises the possibility that the same population of afferent nerves can induce different responses at different frequencies or that different populations of afferent nerves with the same electrical threshold can produce inhibition and excitation. The frequency selection of perigenital-to-bladder spinal reflexes must occur in the spinal cord. One possible explanation is that the afferent firing at different frequencies triggers the release of different neurotransmitters at the first-order synapses between the afferent neurons and the spinal interneurons resulting in either an inhibitory or an excitatory effect on the bladder activity. Another possible explanation is that the spinal interneuronal networks for bladder inhibition or excitation are optimally tuned at different frequencies. Afferent firing at 30 Hz is optimally transmitted through the excitatory spinal neural network, but 5-7 Hz is optimal for the inhibitory network (21) . Frequency tuning of spinal neural networks involved in bladder function was also evident in previous studies in cats (13, 19, 20, 23, 30) . For example, the maximal inhibition of the bladder mediated via the hypogastric nerve could be obtained when the pudendal afferent pathway was stimulated at 5 Hz, whereas the spinal inhibition via pelvic nerve could be optimally activated at frequencies 5-10 Hz (23, 30) . Recurrent inhibition in sacral parasympathetic pathways to the bladder was optimally tuned at frequencies of 20) , whereas the pelvic-to-hypogastric reflex was maximally activated at the frequency of 0.5 Hz (19) .
Voiding induced by perigenital stimulation in chronic SCI cats. Although both mechanical and electrical (30 Hz) stimulation induced large bladder contractions at a low bladder volume (Fig. 7) , they failed to induce voiding during the stimulation in adult chronic SCI cats, probably due to a coactivation of urethral sphincter detrusor sphincter dyssynergia. However, a small amount of fluid release occurred at the end of each short period of stimulation (i.e., poststimulus voiding) presumably due to the ability of the urethral sphincter striated muscle to relax faster than the smooth muscle of the bladder after the stimulation (43) . The poststimulus voiding required a high bladder pressure (greater than 50 cmH 2 O, see Figs. 8 -9 ). The higher the bladder pressure induced by mechanical stimulation, the higher the voiding efficiency that was produced (see Fig. 8 ). However, high pressure voiding is not clinically useful since it could cause autonomic dysreflexia and kidney problems in long-term application (10, 44) . In contrast, mechanical stimulation of the perigenital region is utilized by the mother cats to completely empty the bladder of neonatal kittens indicating that coactivation of the urethral sphincter is probably not induced in the neonates. Similar differences have also been noted in neonatal and SCI rats (29) .
Possible afferent and efferent pathways involved in perigenital-to-bladder reflexes. Since the skin and muscles around the perigenital area are innervated by the pudendal nerve (31), the afferent limb of the perigenital-to-bladder reflex is probably in the pudendal nerve. It has been suggested that stimulation of pudendal afferents could inhibit bladder activity via activation of the hypogastric nerve when bladder volume was low, and via spinal inhibition of the parasympathetic efferent pathways to the bladder when bladder volume was high (22, 23) . A previous study (41) in anesthetized chronic SCI cats also showed the involvement of both hypogastric and pelvic efferent nerves in the inhibitory pudendal-to-bladder spinal reflex. The inhibitory perigenital-to-bladder reflex demonstrated in this study in awake chronic SCI cats might involve the same efferent pathways (hypogastric and pelvic) as revealed previously.
The efferent pathway in the excitatory perigenital-to-bladder reflex must involve the pelvic nerve. However, whether the facilitatory effect of perigenital afferent input on micturition reflex involves both pelvic and hypogastric nerves is still uncertain. Perigenital stimulation could either enhance the pelvic nerve efferent activity or suppress the hypogastric nerve efferent inhibitory activity to facilitate the micturition reflex. Further studies are needed to identify the efferent pathways involved in the facilitation of micturition reflex induced by perigenital afferent activation.
Somato-visceral interactions. When the excitatory electrical (30 Hz) or mechanical perigenital stimulation (somatic) induced large-amplitude (Ͼ30 cmH 2 O) bladder contractions at different bladder volumes (see Fig. 7 ), the stimulation also triggered bilateral hindlimb stepping movements. The stepping movements also occurred during the large-amplitude (Ͼ30 cmH 2 O), long-duration (Ͼ20 s), distention-induced micturition reflexes, but not during the small PMCs (Figs. 5 and 6 ), indicating that they were closely associated with the activation of the micturition reflex and that the stepping movements were not directly activated by pudendal afferent input independent of bladder activity. This idea is further supported by the fact that the excitatory 30-Hz electrical perigenital stimulation did not induce the hindlimb movements during CMGs until a micturition reflex occurred (see Fig. 6 ). The hindlimb stepping movement was a useful marker to indicate the occurrence of a micturition reflex in awake chronic SCI cats (40, 43) . This observation also indicates that a full bladder may be one of the mechanisms that triggers the occurrence of leg spasticity in SCI humans.
Inhibition of a C-fiber afferent-mediated spinal micturition reflex. After SCI reflex micturition is changed from an A␦-fiber afferent-mediated spinobulbospinal reflex to a C-fiber afferentmediated spinal reflex (8, 9, 16, 18) . Previous studies (18, 33) showed that the bladder C-fiber reflex can survive an acute spinalization at a low thoracic level and can be strongly inhibited by stimulation of dorsal penile/clitoris nerve (a branch of pudendal nerve). The results in this study further indicate that the C-fiber-mediated micturition reflex in awake chronic SCI cats can be inhibited by the stimulation applied to the perigenital skin area. Naloxone (an opioid antagonist) facilitates the C-fiber micturition reflex in chronic SCI cats (43) and in acute SCI cats (18) , but it does not alter the inhibition of the bladder C-fiber reflex induced by stimulation of the dorsal clitoris nerve (34) , indicating that the opioid peptides might not be involved in the inhibitory pudendal-to-bladder spinal reflex, leaving GABA or glycine as potential inhibitory transmitters (11, 18) .
Neuroplasticity of perigenital-to-bladder reflex after SCI. The perigenital-to-bladder reflex induced by mechanical stimulation exhibited significant plasticity after SCI ( Table 1) . The excitatory perigenital-to-bladder reflex, which exists in neonatal kittens (15, 17) , disappears during development and is replaced by an inhibitory perigenital-to-bladder reflex in adult cats (12, 15, 17) . After SCI, the mechanical stimulation-induced, excitatory perigenital-to-bladder reflex reemerges (see Figs. 7-10 ) and the inhibitory reflex disappears (13, 16, 20, 28) . This reflex plasticity indicates a significant reorganization occurring in the spinal cord after chronic SCI.
The effect of electrical perigenital stimulation on bladder reflexes in awake spinal intact cats has not been determined, making it impossible to evaluate the plasticity of this reflex after chronic SCI. However, in anesthetized spinal intact cats intravaginal electrical stimulation at a frequency of 5-10 Hz inhibited bladder activity (22, 30) . Furthermore, dorsal penile/ clitoris nerve stimulation at 10 Hz also inhibited both A␦-fibermediated (26) and C-fiber-mediated (33) pelvic-to-pelvic micturition reflexes in spinal intact cats, indicating that electrical stimulation of the perigenital skin area at these frequencies might also be inhibitory (see Table 1 ). An excitatory effect of electrical perigenital stimulation on bladder activity in spinal intact cats might also occur since pudendal nerve stimulation in a range of frequencies (1-40 Hz) induced bladder contractions (4, 5, 21, 32, 39 ) (see Table 1 ). The perigenital-to-bladder reflex induced by electrical stimulation in spinal intact cats needs to be further investigated to fully understand the neuroplasticity of this reflex after SCI.
Potential clinical application. Our current study in awake chronic SCI animals tested the hypothesis that frequencydependent activation of the inhibitory or excitatory pudendalto-bladder spinal reflex could be achieved by applying electrical stimulation to the perigenital skin area. A previous study (47) using restrained, awake, chronic SCI cats only investigated the inhibitory effect on the bladder by inserting fine wire electrodes percutaneously to stimulate the pudendal nerve. Bladder excitation by perineal stimulation was also investigated previously in spinal dogs (46) . Our study further showed that both inhibitory and excitatory bladder responses could be induced in chronic SCI cats by electrical perigenital stimulation at different frequencies. Clinical tests using suprapubic tapping and jabbing could only induce bladder contractions in ϳ50% of the SCI subjects (7) and manual anorectal stimulation inhibited bladder activity (38) . But these clinical tests activated very different afferent pathways than perigenital stimulation. Currently, a systematic clinical investigation of the frequencydependent bladder responses to perigenital electrical stimulation in SCI subjects is still not available. Although a recent study in chronic SCI cats (35) showed that intraspinal microstimulation might be applicable to restore bladder function after SCI, a noninvasive clinical approach to either excite or inhibit the bladder activity will still be very useful and could be envisioned based on the results presented in our study.
